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Abstract 
Analysing water networks online should not be constrained to classic hydraulic simulations. Including other processes can give a 
much better global view of what is happening in the network. Water quality modelling [1], event detection [2] or online source 
identification [3], for example, are some of the processes that can be considered as part of a global water network analysis. In the 
context of this paper, the online analysis is understood as getting the most of the water network current state based on the 
information available from it. 
The work presented describes a system aimed to support the coordination of different processes working on the online analysis of 
water networks. Several aspects of Petri nets [4] are used for modelling the interaction among the processes. The system is 
described from a software engineering perspective but the application is focused on the benefits for running online water 
distribution system analysis. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the Scientific Committee of CCWI 2015. 
Keywords: Water Network Analysis; Online Hydraulic Simulation; Petri nets; Concurrent Processes 
1. Introduction 
Water network analysis in an online context can integrate different coordinated processes. Hydraulic simulations, 
water quality modelling, event detection, online identification of contamination sources, among other tasks, can be 
coordinated and executed concurrently to satisfy the management needs of water supply utilities. The amount of 
information involved in the mentioned tasks and the complexities to integrate them as a whole requires the 
automation of data flows and execution state changes for each singular process.  
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When several processes are intended to be running on the same online calculation, special care should be taken 
for coordinating their actions. A second level of requirement would also consider the possibility of including new 
processes in the calculation and coordinate them with other existent processes. Coordinating processes implies at 
least a standard communication among them for receiving external inputs indicating the actions they need to take. 
Additionally processes should have the possibility to communicate the changes in their current states to whatever is 
coordinating their activities. This standard communication can be considered as a higher level of requirement. 
Designing a system for running quasi real time network analysis should be at this higher level. 
Combining data items with calculation processes interrelated among them has been one of the main goals of 
SirOPC 9: software created at 3S Consult GmbH for managing online simulations of water, gas and heating 
networks. The software architecture includes extensible capabilities to add new calculation processes as plugins. 
From the user interface it is possible to define new process instances and the events firing their executions. 
Relating the current state of some processes with the state changes of other processes is something easy to 
achieve using SirOPC 9. Nevertheless, the increase in complexity of all processes working as a whole, impose to 
take special attention on the way tasks are combined. As different events could be firing at the same time and several 
processes could be running concurrently, two important issues could arise: the existence of deadlocks or the 
overflowing of computational resources. 
The study of concurrent processes for avoiding deadlocks and resources overflow has been done in this research 
based on the concept of Petri nets [5]. An application case related to the online modelling of water distribution 
system has been developed and the resulting Petri net used for analyzing the integrity of the executions is included in 
this paper.   
2. Coordination checking using Petri nets 
A Petri net is a directed bipartite graph with two kinds of nodes called places and transitions. In Fig. 1 places are 
represented by circles and transitions by squares. Connections between two nodes of the same type are not allowed. 
In modelling, the places represent conditions and the transitions represent events. Each place can be assigned a 
nonnegative integer representing the amount of units from a certain resource. A unit of resource is also known with 
the name of tokens. The presence of at least one token in a place (condition) indicates that the condition is met. 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Petri nets 
In a Petri net, a place p is called an input place of a transition t if and only if there exists a directed arc from p to t. 
An output place is defined analogously. If every input place for a transition t has at least one token, it can be said 
that t is enabled. A firing of an enabled transition removes one token from each input place and adds one token to 
each output place [6]. 
Relations between places and transitions are represented by arrows indicating the direction of the execution of 
actions. The same representation will be used for the rest of nets included in this paper. Inside some places tokens 
are represented by a dot. Petri net in Fig. 1 a) is equipped with an initial marking of dots and after firing the event t1 
a) b) 
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the marking appearing in Fig. 1 b) is obtained. If a marking m’ can be obtained starting from a marking m then it is 
said that m’ is reachable from m [6]. In Fig. 1 the marking of the Petri net at the right is reachable from the Petri net 
at the left. When after some point there is not any reachable marking, no transition can be fired and the situation is 
known as a deadlock. Systems with several components running concurrently should be checked to avoid the 
occurrences of deadlocks. The Petri nets appearing in the next Fig. 2 represents an example of deadlock after firing 
the two transitions in the picture a) that reach the marking state represented in the picture b).  
 
 
 
 
 
 
 
 
 
Fig. 2. Deadlock in Petri nets 
Note that no subsequent marking can be reached from Fig. 2 b). When gaining in complexity and interrelation 
among concurrent components the probability of reaching a deadlock marking is higher. Despite avoiding deadlocks 
is one of the main points when designing concurrent systems it is not the only one to consider seriously. Maintaining 
system resources under certain maximum level is another of the requirements to take into account. System 
overflows and what is worst, slowly increase of the memory needed by the system can be hard to detect without the 
proper tools. Failing in the design phase either in identifying deadlocks or an uncontrolled use of resources results in 
software development over cost and instability in productions. 
Checking the use of limited resources in the system from the perspective of Petri nets can be achieved by 
assuring that the net is bounded for the markings under consideration. A marking M for a Petri net is bounded if 
there is some positive integer n having the property that in any firing sequence, no place receives more than n 
tokens. Fig. 3 a) represents a Petri net where the number of tokens will increase indefinitely which make it 
unbounded. Fig. 3 b) will not have more than two tokens at any of its places which make it a bounded net. If a 
marking M is bounded and in any firing sequence no place ever receives more than one token, we call M a safe 
marking. Considering each place as a register capable of holding one computer word, we are guaranteed that the 
memory capacity of the registers will not be exceeded if an initial marking is safe. 
 
 
 
 
 
 
 
 
 
 
 
a) b) 
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Fig. 3. Resources in Petri nets 
3. Defining processes and actions in SirOPC 9 
SirOPC 9 is a significant improvement of SirOPCDrive [7] for automating the execution of interrelated processes 
and the way they interact with data sources. Functionalities in SirOPC 9 are based in three different types of basic 
plugins: 
 
x Data Connections 
x Processes 
x Commands 
 
Each plugin type can be instantiated, configured or used from the SirOPC 9 user interface shown in Fig. 4. Data 
connections will populate data channels available to be used for both processes and commands. Depending on the 
information received, processes will decide to start or stop actions. Commands, from their side, can regularly send 
information to processes through data channels in order to automate their execution either every certain fixed time 
interval or whenever a set of conditions is met. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. SirOPC 9 for interconnecting data sources and processes 
a) b) 
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In SirOPC 9 plugins are supported by the Managed Extensibility Framework (MEF) that comes integrated in the 
.NET Framework 4.0 developed by Microsoft. MEF is nothing else than a library for creating lightweight, extensible 
applications. It allows application developers to discover and use extensions with no configuration required. It also 
lets extension developers easily encapsulate code and avoid fragile hard dependencies. 
The advantages for water utilities running online water distribution system analysis using SirOPC 9 are 
significant. They can incorporate new data connections plugins for binding processes to their own data sources. It is 
also possible to extend calculations to satisfy customized needs by adding new processes plugins. Last but not least, 
the interrelation among processes, their relation with data connections and the automation of how they work can be 
redefined at any time. With all these facilities the automation of processes can gain in complexity very fast making it 
hard to follow the current state of the global system and to notice potential problems in the order processes are 
executed. 
As an application example the use of SirOPC 9 in the project Smart-Online [8] can be mentioned. One of the 
calculation scenarios included in this project were dealing with a water network hydraulic simulator and a transport 
model for evaluating how a contaminant can be spread in a water network. The combination of processes is 
represented in the following figure. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. Petri net example for analyzing combined processes aimed to support water distribution systems analysis 
For testing purposes these processes were pulling data from a large CSV file by using a data source plugin able to 
read that format. The data pulled represents measurements from the real system under analysis that are used to 
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update model parameters in order to run simulations much closer to reality.  It was required to cyclically take data 
from the CSV file and run hydraulic and transport calculations after every update of model parameters. This is a 
relative simple example and can work sequentially without any problem. Nevertheless as it was a first testing 
example before including an online data source rather than a CSV file, it was desired to have each calculation loops 
happening in a reduced time frame to meet quasi real time calculation requirements. Thinking this way it can be 
found that pulling information from the data source could be happening at the same time some calculations are 
performed and at some point it should be synchronized the occurrence of the next pulling with the current state of 
calculations. Two consecutive calculations, considering both hydraulic and transport model, should not happen 
without a data pulling between them. Two consecutive data pulling should also not happen without a calculation 
performed between them. Fig 5.represents a Petri net where the described example can be examined. The 
transitions/events shown in Fig. 5 are: 
 
x CSV DoInit:  Execute the initialization of the process that pull data from the CSV file. 
x CSV Do Pulling: Pull data from the CSV file 
x SirCalc Do Init: Initialize the hydraulic calculation 
x SirCalc Do Calc: Execute the hydraulic calculation 
x Calc SirCalc = 1: Has the same practical meaning of SirCalc DoCalc. 
x Initialize Transport: Initialize the calculation of transport modelling. 
x Calculate Transport: Execute transport modelling calculation 
x Update Status: Update the status of the transport modelling in the system 
 
Places/conditions included in Fig. 5 are: 
 
x CSV Not Init.: Process for pulling data from the CSV file hasn´t been initialized 
x CSV is Init.: Process for pulling data from the CSV file is already initialized 
x CSV Pulling Done: Data pulling is already done 
x SirCalc Not Initialized: Hydraulic calculation hasn´t been initialized 
x SirCalc Is Init.: Hydraulic calculation is already initialized 
x SirCalc Loaded Data: Process for loading model parameters is already done 
x SirCalc Calc Done: Hydraulic calculation is already done 
x Transport Not Initialized: Transport modelling is not initialized 
x Transport Initialized: Transport modelling is already initialized and can perform calculations regarding 
water quality and contaminants transport. 
x Calculation Ready: Calculations regarding water quality and contaminants transport are done. 
x Transport Model Done: Process for transport modeling finished its calculation task, has updated its 
current state and waits for the next calculation command. 
 
Following the connecting links in Fig. 5 it can be noticed that at the beginning the only transition ready to be 
fired is the initialization of the process that pull data from the CSV file. It is because the only place it depends on has 
already a marking. The rest of transitions depend on at least one place without marking and that´s why they cannot 
be fired. Analogously, the subsequent transitions can be followed: the first pulling takes place, hydraulic calculation 
are initialized and after data is loaded for updating model parameters the hydraulic calculation start in parallel with 
the preparation of the next data pulling. Quality model runs after the hydraulic calculation is finished and the 
execution goes for the next hydraulic calculation once the data pulling is ready. This sequence of operations happens 
without any deadlock and without overflowing computer resources, the application will run until the user stop it.  
4. Conclusions 
Implementation of online simulation models should not be treated as an isolated working step rather than an 
ongoing process where different software parts can be interconnected and sharing some resources. Concurrent 
systems are not difficult to find in today`s world. Parallel and distributed computing have been gaining ground in the 
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praxis of software engineering. The Software as a Service (SaaS) tendency is putting the focus in the development 
of distributed systems. On the other side, the inclusion of multiple cores in practically any computer nowadays 
invites to take advantage from it by using parallelised tasks. Concurrent access to resources can be happening at 
some point either in parallel or in distributed environments. Modelling properly the interaction among concurrent 
components of a system is now imperative and Petri nets are definitively a versatile way to go. 
Using SirOPC 9 brings a new dimension to the needs of being able to analyze concurrency in a computer 
application. Usually this kind of analysis was something exclusively of software engineers but in SirOPC 9 also the 
end users should incorporate at least basic notions of how things work. Total flexibility for adding new process 
instances and defining relations among them directly from the user interface leaves also a lot of responsibility in the 
user’s hands. Taking the flexibility away implies reducing the scope of the application drastically. The idea is to 
incorporate as many plugins as needed and decide depending on the problem how the interaction among those 
plugins should be. When talking about the online simulation of water distribution systems, there are many different 
alternatives and scenarios to consider and it is almost impossible to find a unique static solution that would satisfy 
the requirements of any company. Additionally, the continued development of new algorithms such as event 
detection, identification of contamination sources, transport modelling, among others, are also strong reasons to 
keep the flexibility and give users the power to decide relations among processes. From the application perspective 
the concepts behind Petri nets has been used  for making the life of end users easier and probably the next steps will 
be addressed on supporting Petri nets analysis internally and as part of the user interface too. The goal is to identify 
automatically potential problems on how components for online water distribution simulations are interrelated and 
propose possible solutions to make it better. That´s the direction this research will take in the next steps considering 
also a graphic representation of the current state of the global system involving all processes with their interactions 
with commands and data sources. 
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